In dense femtocell networks (DFNs), one of the main issues is interference management since interference between femtocell access points (FAPs) reduces the system performance significantly. Further, FAPs serve different numbers of femtocell user equipments (FUEs), i.e., some FAPs have more than one FUE while others have one or no FUEs. Therefore, for DFNs, an intelligent channel assignment scheme is necessary considering both the number of FUEs connected to the same FAPs and interference mitigation to improve system performance. This paper proposes a two-stage dynamic channel assignment (TS-DCA) scheme for downlink DFNs based on orthogonal frequency division multiple access/frequency division duplex (OFDMA/FDD). In stage 1, using graph coloring algorithm, a femtocell gateway (FGW) first groups FUEs based on an interference graph that considers different numbers of FUEs per FAP. Then, in stage 2, the FGW dynamically assigns subchannels to FUE clusters according to the order of maximum capacity of FAP clusters. In addition, FAPs adaptively assign remaining subchannels in FUE clusters to their FUEs in other FUE clusters. Through simulations, we first find optimum parameters of the FUE clustering to maximize the system capacity and then evaluate system performance in terms of the mean FUE capacity, unsatisfied FUE probability, and mean FAP transmission energy consumption according to the different numbers of FUEs and FAPs with a given FUE traffic load.
In the recent literature, dynamic channel assignment (DCA) schemes considering co-tier interference have been proposed that use a heuristic algorithm, i.e., graph coloring algorithm (GCA), for DFNs [10] [11] [12] , since the channel assignment considering co-tier interference is a nonlinear non-convex NP-Hard problem [13] , [14] . The proposed schemes in [10] [11] [12] first create an interference graph to group femtocell user equipments (FUEs) into a set of FUE clusters, i.e., every color denotes different FUE clusters and each FUE is included in one FUE cluster based on the interference graph. Then, each proposed scheme assigns subchannels to FUE clusters in different ways. In [10] , resource blocks are allocated to each FUE cluster adaptively according to the total bandwidth requirements of FUEs, while in [11] , each FUE cluster has a group of subchannels and some FUE clusters have more than one subchannel group if they can use them without serious interference. Authors in [10] , [11] assume that each FAP serves only one FUE which is located in the coverage of the serving FAP to simplify the system model but in reality FAPs serve different numbers of FUEs, i.e., some FAPs have more than one FUE while others have one or no FUEs. In [12] , with the assumption that FAPs serve different numbers of FUEs, FAPs first roughly calculate the required number of subchannels based on the average received transmission power (without interference effects) and the desired data rate of FUEs. Then, using the interference graph and mathematical optimization techniques, FAPs allocate assigned subchannels to their serving FUEs to maximize the minimum transmission rate. Thus, FAPs may waste or lack assigned subchannels since the number of assigned subchannels is not accurate and FAPs do not allocate the same subchannels if they have interference with each other. This paper proposes a two-stage dynamic channel assignment (TS-DCA) scheme to improve system performance for downlink (DL) DFNs based on orthogonal frequency division multiple access/frequency division duplex (OFDMA/FDD). In stage 1, using GCA, a femtocell gateway (FGW) first groups FUEs based on an interference graph that considered different numbers of FUEs per FAP. Then, in stage 2, the FGW dynamically assigns subchannels to FUE clusters according to the order of maximum capacity of FAP clusters. In addition, FAPs adaptively assign remaining subchannels in FUE clusters to their FUEs in other FUE clusters. Through simulations, we first find optimum parameters of the FUE clustering to maximize the system capacity and then evaluate system performance in terms of the mean Copyright c 2014 The Institute of Electronics, Information and Communication Engineers FUE capacity, unsatisfied FUE probability, and mean FAP transmission energy consumption according to the different numbers of FUEs and FAPs with a given FUE traffic load.
The rest of this paper is organized as follows. Section 2 introduces the system model while Sect. 3 describes the proposed TS-DCA scheme with graph approach. Then, simulation results are presented and discussed in Sect. 4. Finally, Sect. 5 concludes this paper with future research direction.
System Model
We consider a typical two-tier femtocell network architecture where FAPs are overlaped on the macrocell to analyze the system performance of DL DFNs based on OFDMA/FDD. Figure 1 shows the system topology and channel assignment for the macrocell and DFN. We assume that there are seven hexagonal macrocells, where a target macrocell is surrounded by six neighbor macrocells and a set of macro base stations (MBSs), M = {1, 2, · · · , 7} (M = |M| = 7), is installed at the center of each macrocell, as shown in Fig. 1(a) . Further, a set of FAPs, F = {1, 2, · · · , F} (F = |F|) composes a DFN which is located in the center macrocell. Let d IS and d MD denote the inter-site distance between MBSs and between the center MBS, i.e., MBS 1, and the DFN, respectively. FAPs in F and a set of FUEs, V = {1, 2, · · · , N} (N = |V|), are uniformly deployed in an open indoor space, e.g., department stores, shopping malls, and etc. Then, FUEs choose their serving FAPs using greedy algorithm, i.e., FUEs find FAPs which give the strongest signal strength as serving FAPs and all FUEs communicate with FAPs instead of MBSs. Accordingly, some FAPs may serve more than one FUE while others may serve one or no FUEs. A femtocell gateway (FGW) connected to the DFN controls channel assignment for all FAPs. In addition, the MBS uses a three-sectored antenna thus the macrocell coverage is divided into three cell sites, site 1, 2, and 3, while the FAP uses an omni-directional antenna, as shown in Fig. 1(a) . Therefore, MBSs divide total subchannels into three subchannel groups to assign to macrocell user equipments (MUEs) in site 1, 2, and 3, respectively, as shown in Fig. 1(b) . On the other hand, in order to mitigate crosstier interference from MBSs, the FGW assigns pairs of two subchannel groups which are not used by MBSs to FAPs in sites 1, 2, and 3, respectively. We assume that a set of subchannels, K = {1, 2, · · · , K} (K = |K|), is assigned for FAPs in each site. Finally, the perfect measurement of signal strength adjusted to the propagation losses and shadowing, but ignoring the short-term fading effects is assumed.
Link and SINR Models
We use the ITU indoor path loss model and the COST-231 Hata model (urban area) for indoor and outdoor link models, respectively [15] , [16] . Let L 10 
where f c is the carrier frequency in MHz, while d in and d mn are distances from FUE n to FAP i and to MBS m in meters, respectively. Further, in (2), h t and h r denote the antenna heights of MBSs and FUEs in meters, respectively, while
L w are the antenna height correction factor of receivers and attenuation loss of an outdoor wall in dB, respectively. Through (1) and (2), the SINR between FAP i and FUE n at subchannel k, γ
nk , can be expressed as
where p 
where β g and β max are the maximum antenna gain and maximum attenuation in dB, respectively, while θ and θ 3 dB = 70
• are the azimuth antenna pattern of MBSs and 3 dB beamwidth, respectively [17] .
Given a specific γ
nk , is obtained by
where S E (x) = log 2 (1 + ηx) in bps/Hz and η=−1.5/ln(5P e ) with the target bit error rate P e [18] . Further, γ min and γ max are the minimum and maximum SINRs in dB, respectively, while r min = S E (γ min ) and r max = S E (γ max ) are the minimum and maximum spectral efficiencies in bps/Hz, respectively [19] .
FUE Capacity and Transmission Energy Consumption
Through r
nk in (5), the capacity of FUE n served by FAP i, C n , can be expressed as
where W is the bandwidth of a subchannel in Hz. Further, let the unsatisfied FUE probability, P us , to be the probability that FUEs have capacities less than a given FUE traffic load, ρ, in bps can be expressed as
In addition, the transmission energy consumption of FAP i for FUE n, E n , can be expressed as
Proposed Two-Stage DCA (TS-DCA) Scheme with Graph Approach
In this section, we propose the TS-DCA scheme which consists of two stages. In stage 1, the FGW groups FUEs with graph approach, while in stage 2, the FGW dynamically assigns subchannels to FUE clusters.
Stage 1: FUE Clustering with GCA
In stage 1, the FGW first generates a channel matrix,
. Further, as we assumed in Sect. 2, the FGW generates a serving FAP vector of FUEs, S=[s n ] 1×N (∀s n ∈ F, ∀n ∈ V). s n can be obtained by
Then, based on H, the FGW calculates the SINR of FUE n, Γ n (∀n ∈ V), to generate a binary matrix, A=[a in ] F×N (∀i ∈ F, ∀n ∈ V), which is originally a matrix of ones. Γ n can be obtained by
where Γ th is a given target threshold of the SINR for FUEs (γ min ≤ Γ th ≤ γ max ) in dB. If Γ n < Γ th , the FGW finds FAP i * n to set a i * n n = 0 until Γ n ≥ Γ th (∀n ∈ V). i * n can be obtained by
Finally, using A, the FGW generates a binary interference matrix, B=[b jn ] N×N (∀ j, n ∈ V). In order to create the interference graph, the FGW finds FUEs if they are served by interfering FAPs or the same FAP. b jn can be obtained by
Then, an interference graph G = (V, E) can be constructed by the FGW using GCA. For the interference graph, V is used for the vertex set while E is the edge set to denote co-tier interference between FUEs in B. Further, no two connected vertices in E have the same color, i.e., the color means the FUE cluster and interfering FUEs do not become members of the same FUE cluster. For the GCA, we use DSATUR (Degree of Saturation) algorithm in which a predetermined order based on the number of different colors adjacent to the vertex, called the saturation degree of a vertex, is used to color the vertices [20] . Eventually, from the Figure 2(a) is an example of DFN topologies in which four FAPs (F=4) are deployed to serve seven FUEs (N=7). FAP 1 serves three FUEs, i.e., FUE 1, 2, and 3, while FAP 2 serves two FUEs, i.e., FUE 4 and 5. Further, FAP 3 and 4 serve FUE 6, and 7, respectively. Some FAPs have co-tier interference with each other while others serve more than one FUE and the FGW generates B using (9)∼ (12) . Then, as shown in Fig. 2(b) , the FGW creates an interference graph with Y=3 using GCA based on B. Through the interference graph, FUE 1, 6, and 7 become members in FUE cluster 1 while FUE 2 and 4 become members in FUE cluster 2. In addition, FUE 3 and 5 become members in FUE cluster 3. The solid and dashed lines denote FUE links served by the same FAP and different FAPs, respectively. In stage 2, the proposed scheme reassigns remaining subchannels in FUE clusters to FUEs in other FUE clusters if FUEs are linked by solid lines.
Stage 2: Dynamic Subchannel Assignment
In stage 2, the FGW dynamically assigns subchannels in K to maximize the system capacity based on Y obtained by stage 1. In order to guarantee the minimum number of subchannels for each FUE, the FGW first divides K into two subchannel groups named static subchannel group and dynamic subchannel group, K S G and K DG , as shown in Fig. 3 . K S G and K DG can be obtained by
where K min,y is a minimum set of subchannels assigned to color y (∀y ∈ Y) and K min = |K min,y |. Then, in order to maximize the system capacity, the FGW finds an FUE cluster, y * , to dynamically assign subchannels in K DG . y * can be obtained by , ∀i ∈ F, ∀n ∈ V, ∀k ∈ K. Initialization: ω (i) nk = 0, ∀i ∈ F, ∀n ∈ V, ∀k ∈ K.
1: Divide K into K S G and K DG according to (14) . 2: // Assign subchannels in K S G from line 3 to 9. 3: for y = 1 to Y do 4: Set ω nk = 1, if z ny 1 (∀n ∈ V, ∀k ∈ K min,y ); 5: Calculate C n (∀n ∈ V, z ny 1) according to (6); 6: if C n ≥ ρ (∀n ∈ V, z ny 1) then 7:
Set C n = ρ (∀y ∈ Y); 8: end if 9: end for 10: // Assign subchannels in K DG from line 11 to 27. 11: for k = 1 to |K DG | do 12: Find y * according to (15); 13: if C n ρ and z ny * 1 (∀n ∈ V) then 14:
Find n * according to (16) 
In addition, in order to improve the FUE capacity, FAP s n (∀n ∈ V) adaptively reassigns subchannel k (∀k ∈ K DG ) that was assigned to FUE n in FUE cluster y * to other FUEs served by FAP s n if FAP s n has more than one FUE and C n ρ. Therefore, FAP s n finds one of its FUEs, n * , to reassign subchannel k, (∀k ∈ K DG ). n * can be obtained by Figure 3 shows an example of the dynamic subchannel assignment stage in the proposed TS-DCA scheme. In Fig. 3 , the FGW first assigns K min subchannels to every FUE in each FUE cluster from step 1 to 3, e.g., |K S G | = YK min = 3K min since Y=3 as shown in Fig. 2(b) , and assigns other subchannels to K DG using (14) . In order to assign subchannel k (∀k ∈ K DG ), the FGW finds FUE cluster y * using (15) . For example, in step 4, the FGW finds y * =1 and assigns subchannels to FUE 1, 6, and 7 in FUE cluster 1 until C 1 ρ. Then, FAP 1 finds n * =2 using (16) to assign subchannels instead of FUE 1 when the FGW finds y * =1 again. In step 5, the FGW finds y * =1 thus the FGW assigns subchannels to FUE 2, 6, and 7. Using the same way, in step 7 and 9, FAP 2 and 1 find n * =4 and 2 to assign subchannels to FUE 4 and 2 instead of FUE 5 and 1, respectively, since C 5 ρ and C 1 ρ. Therefore, in stage 2, FAPs adaptively assign remaining subchannels in FUE clusters to their FUEs in other FUE clusters. The procedure of the dynamic subchannel assignment stage is described in Algorithm 1.
Performance Evaluation
We investigate the system performance of the proposed TS-DCA scheme in terms of the mean FUE capacity, unsatisfied FUE probability, and mean FAP transmission energy consumption for DL DFNs using a Monte Carlo simulation. We perform 500 independent simulations and evaluate system performance according to the different numbers of FAPs and FUEs based on ρ. Further, we compare the proposed TS-DCA scheme to three different schemes below:
• Frequency reuse 1 (FR 1 scheme):
the FR 1 scheme is the simplest scheme. Every FAP uses K subchannels and FAPs divide K subchannels to assign the same number of subchannels to their FUEs if they have more than one FUE.
• Graph coloring based DCA (GC scheme):
the GC scheme only uses stage 1 in the proposed TS-DCA scheme (Sect. 3.1). Thus, the FGW assigns K Y subchannels to each FUE based on the interference graph.
• GC scheme with some extension (GCE scheme):
the GCE scheme is similar to the proposed scheme in [12] . That is, in the GCE scheme, the FGW first assigns K Y subchannels to FUEs using the same method in the GC scheme. Then, the FGW finds FUEs with maximum transmission rate to add subchannels in other colors considering a given traffic load of FUEs, ρ, and interference between FUEs in B. For instance, in Fig. 2 , the FGW adds subchannels in color 3 to FUE 6 while in color 2 and 3 to FUE 7 if C 6 and C 7 are less than ρ since FUE 6 and 7 have no interference in B. On the other hand, other FUEs, i.e., FUE 1, 2, 3, 4, and 5, have no additional subchannels because Y=3 and they have no available subchannels (colors).
The system topology and channel assignment for the macrocell and DFN are as shown in Fig. 1 . Log-normal shadow fading is considered with zero mean and standard deviation of 4 dB and 10 dB for macrocell and femtocell networks, respectively [17] . The system parameters are listed in Table 1 . Figure 4 describes the results of the mean FUE capacity as Γ th increases when F=10, N=30, and ρ=1 Mbps. The GC, GCE, and proposed TS-DCA schemes show convex graphs because the SINR of FUEs increases but the number of subchannels per FUE cluster decreases (since Y increases) as Γ th increases. Therefore, it is shown that the optimum values of Γ th with maximum mean FAP capacities are 6, 6, and 4 dB for the GC, GCE, and proposed TS-DCA schemes, respectively. Further, the GCE scheme has higher performance than the GC scheme until Γ th =8 dB but the GC and GCE schemes show the same performance since most FUEs use assigned subchannels and have no remaining subchannels when Γ th > 8 dB. On the other hand, the FR 1 scheme has the worst performance with strong co-tier interference and is not affected by Γ th thus the result is always the same at approximately 0.58 Mbps. As a result, based on the optimum values of Γ th , the proposed scheme outperforms the GC, GCE, and FR 1 scheme by 5, 6, and 64%, respectively. Figure 5 depicts the results of unsatisfied FUE probability as Γ th increases when F=10, N=30, and ρ=1 Mbps. The GC, GCE, and proposed TS-DCA schemes show concave graphs while the FR 1 scheme always has the same result at approximately 0.72. Based on the optimum values of Γ th obtained by Fig. 4, i. e., Γ th =6, 6, and 4 dB for the GC, GCE, and proposed TS-DCA schemes, respectively, it is shown that the unsatisfied FUE probability of the proposed TS-DCA scheme is approximately 80, 78, and 84% lower than the GC, GCE, and FR 1 schemes, respectively. Figure 6 shows the results of mean FUE transmission energy consumption as Γ th increases when F=10, N=30, and ρ=1 Mbps. The FR 1 scheme always uses approximately 2.6 mW while the GC, GCE, and proposed TS-DCA schemes reduce as Γ th increases. The proposed TS-DCA scheme more efficiently uses subchannels than other schemes, thus the mean FUE transmission energy consumption is even lower. That is, the proposed TS-DCA scheme is approximately 6, 6, and 66% lower than the GC, GCE, and FR 1 schemes based on the optimum values of Γ th . Figure 7 describes the results of the mean FAP capacity as the number of FUEs, N, increases when F=5 and 10 with ρ=1 Mbps. We first found the optimum values of Γ th according to different F and N as shown in Table 2 and then used them for performance evaluation. As N increases, the mean FAP capacity decreases in all schemes since FUEs have more interference and the FGW assigns less subchannels to FUEs. It is shown that the proposed TS-DCA scheme has better performance than the GC, GCE, and FR 1 schemes as N increases. This is because the number of colors increases as N increases in the graph coloring based scheme, i.e., the GC, GCE, and proposed TS-DCA schemes, but the the proposed TS-DCA scheme assigns subchannels in K DG more efficiently to FUEs. On the other hand, the FR 1 scheme decreases significantly as N increases since the amount of co-tier interference from neighbor FAPs increases and the number of subchannels per FUEs decreases. Further, the proposed TS-DCA scheme shows better performance than other schemes as N increases in both F=5 and 10. The results of F=10 is higher than F=5 since the FGW assigns more subchannels from more FAPs to FUEs and FUEs also have better SINRs from closer FAPs. Figure 8 describes the results of unsatisfied FUE probability as the number of FUEs, N, increases when F=5 and 10 with ρ=1 Mbps. Overall, the unsatisfied FUE probability increases in all schemes as N increases since FUEs have more interference and the FGW assigns less subchannels to FUEs but the proposed scheme shows better performance than others. The GCE scheme has slightly better performance than the GC scheme but both the GC and GCE schemes have worse performance than the FR 1 scheme when N ≥ 25. This is because the number of colors increases thus the number of subchannels per FUE cluster decreases greatly. As a result, the proposed TS-DCA scheme always outperforms other schemes in both F=5 and 10.
Conclusion
In this paper, we proposed a DCA scheme named TS-DCA that consists of two stages, one is the FAP clustering stage with graph approach and the other is the dynamic subchannel assignment stage, to improve system performance for DL DFNs based on OFDMA/FDD. Through simulations, we first found the optimum values of Γ th to maximize the mean FUE capacity and then evaluated other system performances in terms of the unsatisfied FUE probability and mean FUE transmission energy consumption according to different parameters, N and F, based on a given ρ. Simulation results showed that the proposed TS-DCA scheme has better performance in terms of not only the mean FAP capacity and unsatisfied FUE probability but also the mean FUE transmission energy consumption. This is because the proposed scheme more efficiently assigns subchannels to FUE clusters and FAPs adaptively reassign remaining subchannels to FUEs in other FUE clusters. It is also shown that, the system performance with F=10 is higher than F=5 since the FGW assigned more subchannels from more FAPs to FUEs and FUEs also had better SINRs from closer FAPs. For future work, we are planning to study a DCA scheme with adaptive transmission power control to improve system performance for DFNs.
